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INVESTIGATION O F  03F, AND THE 

HYPERGOLIC BIPROPELLANT LH, /LO2 :03 F, 

ABSTRACT 

The propert ies  of ozone fluoride and its solution in liquid oxygen 

have beenstudied. Neat ozone fluoride has  been shown to be nondetonable 

a t  a diameter  of one inch. The solubility relationship of ozone fluoride 

in liquid oxygen versus  temperature has  been determined. 

Ignition studies made by using quartz  and s teel  combustion 

chambers  (500 lb. thrust)  have shown that hypergolic ignition occurs  

between hydrogen and liquid oxygen containing 0.09570 ozone fluoride. 

Both a single-element t r iplet  injector and a mu tielement coaxial r /I 

ii 



CONTENTS 

A.BSTRA.CT . . . . . . . . . . . . . . . . . . . . . . .  
LIST O F  ILLUSTRATIONS . . . . . . . . . . . . . . . .  
LIST O F  TABLES . . . . . . . . . . . . . . . . . . . .  

ii 

V 

vi '  

. . . . . . . . . . . . . . . . . . .  1 I SUMAh/r_.ARY 

2 

3 

I1 INTRODUCTION . . . . . . . . . . . . . . . . .  
111 PREPAWTION O F  0 3 F 2  . . . . . . . . . . . . .  
IV SOLUBILITY O F  0 3 F .  IN LIQUID OXYGEN . . . .  

A . Introduction . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . .  B . Experimental  

1 . Apparatus and Procedure . . . . . . .  
2 . Control Experiments . . . . . . . . .  
3 . Temperature  Measurement . . . . . .  
4 . P r e s s u r e  Measurement . . . . . . . .  
5 . . . . . . . . . . . . . . .  
6 . Volume Calibration . . . . . . . . . .  
7 . Analysis . . . . . . . . . . . . . . .  
8 . Construction Details . . . . . . . . . .  

a . Solubility Apparatus . . . . . . .  
Vacuum Flow System . . . . . . .  

. Stirr ing 

b . 
. . . . . . . . . . .  C . Results and Discussion 

V DETONABILITY OF 03Fz . . . . . . . . . . . .  
. . . . . . . . . . . . . . . .  A . Discussion 

B . Experimental 

C . Conclusions 

. . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . .  

5 
5 

5 

5 

10 

10 

11 

11 

13 

12 

13 

1 3  

13 

1 3  

17 

17 

22 

2.3 

iii 



CONTENTS (Cont 'd . ) 

VI STORABILITY O F  0. F 2  AND 0 3  F2 -LOX 
SOLUTIONS; COMPA.TIBILITY WITH ROCKET 
CONSTRUCT ION MATE RIALS . . . . . . . . . . .  
A .. Neat 0, F2 Storability and 

Compatibility Trials . . . . . . . . . . . . .  
B . Storability of 0 3 F 2  -LOX Solutions . . . . . .  

v I1 ROCKET MOTOR IGNITION STUDIES . . . . . . . .  
A . Experimental  F low Facil i ty . . . . . . . . .  
B . Experimental  Approach . . . . . . . . . . .  
C . Ignition Tes t s  . . . . . . . . . . . . . . . .  
D . Ozone Fluoride Field T r a n s f e r  . . . . . . . .  
E . Instrumentation and Data Reduction . . . . . .  

1 . General . . . . . . . . . . . . . . . .  
2 . Ignition . . . . . . . . . . . . . . . .  
3 . Data Acquisition . . . . . . . . . . . .  
Discussion of Results f rom F . 
Ignition Studies . . . . . . . . . . . . . . .  

v I11 GENERAL CONCLUSIONS . . . . . . . . . . . . .  

APPENDIX Distribution List  for  Final Report  . . . . .  

24 

24 

26 

27 

27 

28 

32 

37 

40 

40 

40 

41  

43 

44 

A-1 

i v' 



ILLUS T RA T IONS 

Fig  . 1 

Fig . 2 

F ig  . 3 

Fig  . 4 
Fig  . 5 

F i g  . 6 

F i g  . 7 

F i g  . 8 

F i g  . 9 

F i g  . 10 

F ig  . 11 

F ig  . 12 

F i g  . 13 

F i g  . 14 

F i g  . 15 

F ig  . 16 

F i g  . 17 

F i g  . 18 

Ozone Fluoride Generator . . . . . . . . . . . . .  
Schematic . Flow System . . . . . . . . . . . . .  
Schematic . Cryostat Contents . . . . . . . . . . .  
Perspec t ive  . Cryostat Contents . . . . . . . . . .  
Solubility of 0 3  F2 in Liquid Oxygen . . . . . . . .  
Detonability Tes t  Apparatus . . . . . . . . . . . .  
Modification of Test  Cup . . . . . . . . . . . . .  
Typical Detonability Tes t  Results . . . . . . . . .  
0. F. Detonability . . . . . . . . . . . . . . . . . .  
Quartz Ignition Chamber . . . . . . . . . . . . . .  
Steel  Combustion Chamber Assembly . . . . . . .  
Flow Tes t  of Single Element Triplet  Injector . 
Gaseous Nitrogen i n  Center. Water in Outer J e t s  . 
Flow Tes t  of Multielement and Coaxial S t ream 
Injector . Gaseous Nitrogen in  Annulii. Water 
in  Cores --.Including Single Element Geometry . . 
Combustion Chamber P r i o r  to Installation .. LN. . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tes t  Stand Installation Showing LN. -Jacketed 
Combustion Chamber . . . . . . . . . . . . . . . .  
Plot  of Experimental F i r ing  Data . . . . . . . . .  
Mix Tank for 03F. . . . . . . . . . . . . . . . . .  
Fir ing  Records for Multielement Coaxial 
Stream Injector . . . . . . . . . . . . . . . . . . .  

4 

6 

7 

8 

15 

18 

20 

21 

22 

29 

30 

31 

32 

36 

36 

38 

39 

42 

V 



TABLES 

Table I Expe r im ental Data . . . . . . . . . . . . . . . .  14 
Table I1 Effect of 0, F, upon Weight of Stored Samples . . . .  25 

Table I11 Measured Ignition Delays for  Triplet  
Injector and Gaseous Hydrogen. . . . . . . . . . .  3 4  

Table IV Measured Ignition Delays for  20-Element 
Coaxial Injector with Liquid Hydrogen . . . . . . .  35 

vi 



I SUMMA RY 

Solutions of ozone fluoride in liquid oxygen were  studied fo r  use 

as a hypergolic additive to the liquid oxygen/liquid hydrogen propellant 

system. 

110°K; it is ,  however, extremely reactive with many mater ia l s  and it 

is a powerful oxidizing agent. 

Ozone fluoride i s  a molecule which i s  thermally unstable above 

The solubility of 0 3 F z  in  liquid oxygen and the stability of the 

solutions were  investigated. Detonability of neat 03F2 and the phe- 

nomena accompanying ignition of O3 F2 /LOX solutions with hydrogen 

were  studied. 

The resul ts  obtained have shown that 0 3 F t  is soluble to the extent 

of 0.  09570 by weight a t  90°K and I-atm pres su re .  

been shown to be hypergolic with hydrogen gas in a t r iplet  injector.  

Satisfactory ignition was a l so  achieved by using a multielement coaxial 

s t r e a m  injector fed with liquid hydrogen and LOX/03 Fz . 

This solution has  

The detonability experiments have shown that no detonation hazard  

ex is t s  at d iameters  of less than one inch; consequently no detonation 
:;< 

problems a r e  to be anticipated in i ts  synthesis and use.  

experiments  have shown that the 0.09570 solution of 0 3 F z  in  LOX is 

s table  f o r  upwards of one month at 90°K. 

The storabili ty 

The studies completed i n  this investigation have confirmed that 

ozone fluoride can be used to obtain hypergolic ignition in rocket 

engines which use liquid hydrogen as the fuel. The hazards  of i ts  use 

a r e  shown to be minimal, and i t  is considered that slight modification 

of existing "cryogenic" procedures will enable LOX:O3 Fz to be handled 

successfully on the scale appropriate to the la rge  rocket engines now 

being developed. 

%k These  experiments were designed to detect only Von Neumann 
detonations and not lower velocity explosions which may be 
equally hazardous. 

1 



11 INTRODUCTION 

The liquid bi-p ropellant combination, liquid hydrogen and liquid 

oxygen, i s  being used in many rocket engines now under development 

f o r  space vehicles. The reliability and utility of these engines could 

be enhanced i f  the propellant combination were  hypergolic. 

In previous studies a t  the Institute and elsewhere the existence of 

ozone f luor ide(03F2)  had been established and methods fo r  i ts  synthesis 

character ized.  Investigations had shown that 0, F, was a powerful oxi- 

dizing agent and that its saturated, but dilute, solution in  liquid oxygen 

was hypergolic with many reducing agents.  

This present  investigation was concerned p r imar i ly  with charac-  

terizing the propert ies  of ozone fluoride and of its solution in liquid 

oxygen. Pa r t i cu la r  attention was paid to  ( 1 )  ascertaining, and eliminating, 

the hazards  associated with the use of ozone fluoride, (2)  elucidating the 

conditions f o r  satisfactory hypergolic ignition of the LH, /LOX:O, F, 

bi-propellant in a smal l  combustion chamber .  

Many unique problems arose i n  studying 0 3 F 2  because i t s  liquid 

oxygen solution i s  thermally unstable above 1 1 0 ° K  and it is a l so  photo- 

chemically unstable. 

very  low tempera tures  and a new technique f o r  solubility determination 

we r e  developed. 

A new procedure fo r  measuring detonability a t  

Because of the abnormal chemical reactivity of 03F, normal  

chilling procedures could not be used; this caused problems in the 

small combustion chamber  ignition studies. 

2 



I11 PREPARATION O F  O3F, 

Most of the O3Fz used f o r  these investigations was prepared  by 

the method of Kirshenbaum and von G r o s s e l  modified as descr ibed in 

Reference 2. 

designed multiple reac tor  with three pa i r  of electrodes,  F i g .  1. During 

periods of up to two hours  the new reac tor  produced O3Fz a t  a rate  of 

7-10 cc ihour  compared to 2 - 3  ccjhour  with the conventional reac tor .  

F o r  longer periods this rate probably could not be maintained unless,  

as is done with the sma l l e r  unit, product is periodically removed. This 

can be accomplished, while the reactor  i s  still functioning, by replacing 

the liquid N2 bath with LOX for 5- 10 minutes while the O3 F, mel t s  and 

dra ins  f r o m  the reac tor  walls. 

successfully fo r  12- 16 hours with good resul ts .  

A small  quantity was a l so  produced by using a newly 

Single reac tors  have been so operated 

The oxygen used fo r  the synthesis was obtained f r o m  Matheson 

Company (Ext ra  Dry Grade, purity 99. 670 min. ), and the fluorine, 

f r o m  Allied Chemical Company (typical analysis  9870, major  impurity 

HF).  

'14. D. K i r s h e n b a u m a n d A .  V. Grosse,  J. A m .  Chem. SOC. - 81, 1277 

2 
(1959) 

A. B. Amster ,  J. A .  Neff, and A .  J. Aitken, Final Report, SRI 
P ro jec t  PRU- 3652, Contract NASr- 38, 1962 

3 
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IV SOLUBILITY O F  O3 F, IN LIQUID OXYGEN 

A. Introduction 
~ 

Ozone fluoride,  0, F,, has  a number of unusual charac te r i s t ics :  

it is  photosensitivie, i s  unstable above 110" K, and renders  liquid oxygen 

(LOX) hypergolic with many fuels , including liquid hydrogen. 

of this last quality, 03F 
for  this reason,  a need exists for a p rec i se  deiermiiiatior: ~f t he  se lu-  

bility of the mater ia l  in LOX f rom 77-100" K. Indirect measurements  

have been made at 77" and at 9 0 ' K ; l  confirmation of the reported resu l t s  

and extension of the measurements  to higher tempera tures  were  desired.  

This is a repor t  of the apparatus and procedures  used and the resu l t s  

obtained from r e s e a r c h  having such a goal. To our  knowledge this is 

the f i r s t  t ime that a direct  measurement has been made of the very  

slight solubility of such an intractable mater ia l  within the s ta ted 

tempera ture  rang e. 

Because 

has potential a s  a propellant additive ands 
2 

B. Experimental  

1. -Apparatus and Procedure 

The method involves quantitative recovery of the 0- F dissolved 

in a l a rge  measured  volume of saturated solution; this  is accomplished 

by careful  evaporation of the solvent at  a tempera ture  a t  which the solute 

vapor p r e s s u r e  is insignificant. 

mined by decomposing to fluorine and oxygen and either (1)  measuring 

the total  volume and p res su re  of gas produced or ( 2 )  analyzing for  

fluorine by mercu ry  ab sorption. 

1 2  

The amount of res idual  0- F i s  de te r -  
Y 2  

In use the solubility apparatus i s  placed within a well suspended 

f rom the floor of the dry  box. 

is given in Fig.  2 and of the cryostat and contents in Fig. 3. 

drawing of the solubility apparatus appears  in F i g .  4. 

A schematic drawing of the flow system 

A perspective 
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FIG. 3 SCHEMATIC - CRYOSTAT CONTENTS 
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ADDITION TUBE 

STIRRING ROD EXTEND TUBING 6"ABOVE TOP OF PLATE 

TI-IREADED CAP REMOVABLE TO 
CHECK BELLOWS 

EXTRA BELLOWS 

RING GROOVE UNDERSIDE 

SS WELDED BELLOWS 

COMPARTMENT 

VIBRATOR ACTUATE!, 
STIRRING PLATE 1/2 
FROM BOTTOM I/B" 

INSIDE V4" TUBE TO 
PREVENT LEAKAGE 
INTO COOLING CHAMBER 

FLARE FITTING 
FITTING TO BE 
SAWED OFF AND 
1/4"o.d. TUBING 
INSERTED &WELDED 

STIRRING ROD TO BE 

WARD AT 15' 

COMPARTMENT 

R e  - 4391 - io 

FIG. 4 PERSPECTIVE - CRYOSTAT CONTENTS 

The following procedure was used to make measurements:  

Coolant (LOX o r  liquid nitrogen depending upon the des i red  temperature)  

was t r ans fe r r ed  direct ly  f rom the storage container through dry  copper 

l ines to the cryostat  in the dry  box. Next, with valves 1, 2, and 3 

closed (F ig .  3 ) ,  Compartment A ( d 7 0 0  cc)  was a lmost  filled with liquid 

oxygen (USP) and an excess  of 03F2 w a s  added through the addition tube 

by using a LOX-cooled funnel. The coolant vesse l  was disconnected 

f r o m  the apparatus,  and both addition tubes were  closed with Teflon 

rupture disc assemblies  (not shown). 
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Because of heat t ransfer  through the cryostat  walls the coolant 

slowly warmed under its own vapor p r e s s u r e  to a total p r e s s u r e  deter-  

mined and regulated by the setting of the “Mercoid” p r e s s u r e  control 

and auxiliary valve. By this means the bath temperature  and therefore  

the solution temperature  were  maintained to *O. 1 ° K  fo r  periods longer 

than 1 / 2 hour.  

03F2 is only slightly soluble in and is  denser  than LOX; conse- 
The mixture w a s  s t i r r e d  f o r  quently vigorous s t i r r ing  was required. 

at leas t  1 / 2  hour by vigorous up-and-down movement of the perforated 

s t i r r e r  plate actuated through a fiexibie beiiows. 

The O3F2 solution was then assumed to be saturated,  s t i r r ing  

was  stopped, and the excess  03F, was allowed to  sett le to  the bottom 

of Compartment A below the inlet of the line f rom A to B. 

the inlet slopes towards A, droplets of 0,F2 in the connecting tube 

returned to  A .  Compartment B (574 cc) ,  previously evacuated, was 

fi l led by opening valve No. 2; meanwhiie A was p res su r i zed  with oxygen 

to 5-10 psi  above equilibrium pressure  through a fitting (not shown) on 

the 03F2 addition tube. At this stage a saturated solution of 03F2 in 

LOX had been prepared  a t  the desired temperature .  

rlr -i. 

Inasmuch a s  

Valve No. 2 was then closed, the cryostat  vented to  the atmos-  

phere,  and sufficient liquid nitrogen added to the LOX in the c ryos ta t  

to reduce i t s  temperature  below 80°K where 03F, has an insignificant 

vapor  p re s su re .  

Elimination of LOX f r o m  the solution was initiated by slowly 

opening valve No. 3 to the evaporator ( ~ 5 0 0  cc) and other valves f rom 

Compartment C to the vacuum pump. The inlet f rom No. 3 extends 

approximately halfway into C, so  the l a t t e r  could not f i l l  more  than 

halfway. To  minimize splashing and loss  of solutes the evaporation 

was conducted ve ry  slowly. 

were  trapped in the enlarged baffle (Fig.  39 and returned to C. The 

exhaust f rom the vacuum pump flowed through a calibrated wet tes t  

m e t e r  to measure  the volume of cooled oxygen. 

pa red  to that calculated f r o m  the amount of LOX originally contained in 

Further ,  any droplets caught in the exhaust 

This value was com- 

4. *,- 

Time allowed for settling was shown to be adequate by previous work 
c a r r i e d  out a t  SRI. 
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the mixing chamber.  

discrepancies were  assumed to be an indication of component fa i lure  and 

a bas is  f o r  rejection of resul ts .  

The comparison was not very  accurate ,  but g r o s s  

After about 3- 1 / 2  hours the evaporation was complete, and the 

p re s su re  in B and C dropped abruptly f r o m  about 100 mm to l e s s  than 

1 mm. 
vented to the atmosphere,  and the cryostat  was removed to  allow the 

apparatus to attain ambient temperature and the O,F, to dissociate.  

The valve to the vacuum pump was closed, Compartment A was 

Next valve No. 1 was opened, and the 0, + F, mixture expanded 

into the evacuated volume- calibrated loop of the vacuum system, which 

includes the p r e s s u r e  gauges, reactor, t rap ,  Hg pool, etc.  ( s ee  Fig. 2 ) .  

The p r e s s u r e  in this volume was measured. 

Fluorine was then removed by circulating the gaseous mixture  

over the s t i r r e d  mercu ry  pool. 

l ea s t  1 hour this process  was assumed complete, and the final p r e s s u r e  

was noted. 

was calculated f rom the p re s su re  of the resultant O2 - F, gas mixture  

and, except f o r  solutions prepared at 77"K, f rom the p r e s s u r e  drop 

caused by removal of the fluorine. 

When the p r e s s u r e  was constant f o r  at 

The amount of O,Fz remaining af te r  removal of the LOX 

2. Control Experiments 

(a) 
except the addition of 03FZ w a s  performed as in a normal  solubility 

determination. Approximately 0.9-mm Hg p r e s s u r e  was developed by 

warming the chamber  subsequent to solvent removal. A l l  calculations 

were  cor rec ted  fo r  this "blank" residue. 

One experiment w a s  conducted in which every  ope ration 

(b) Oxygen remaining in the apparatus a f te r  the fluorine 

was removed was on occasion analyzed with the mass spectrometer .  

Impurit ies amounting to  l e s s  than 2% of the total were  t r aces  of N2 and 

SiF,. 

3. Tempera ture  Measurement 

Two thermowells--one in the mixing chamber  and one in the 

c ryos ta t - -were  fitted with Minco No. 531- 14 three- lead platinum 

10 



resis tance thermometers .  

Northrup G-2 Mueller bridge and Catalog No. 2430C galvanometer. 

The thermometers  were fi l led with silicone oil which froze in the tem-  

pera ture  range used. Nevertheless, the thermometers  were  repeatedly 

calibrated in liquid N2 and LOX, and for  a s e r i e s  of 19 calibrations 

conducted over  a period of 3 months the standard deviation f r o m  the 

reference point was *O. 18°K. 

points were  interpolated by means of the Callendar equation and ice  

point calibrations.  

Resistance was measured  with a Leeds  and 

Temperatures  other  than reference 

4. P r e s s u r e  Measurement 

The p res su res  within the calibrated par t  of the vacuum sys tem 

were  recorded on a high accuracy Wallace and Tiernan  p r e s s u r e  gage 

equipped with a Ni-span capsule f o r  fluorine resis tance and calibrated 

to *O. 1% of the total range of 0 to 225-mm Hg. 

5. Stirring 

0 3 F ,  is much denser  than LOX so  that vigorous s t i r r ing  was 
provided to prepare  the saturated solution. 

fore  significantly l a r g e r  than B to allow the liquid to  splash freely.  

s t i r r e r  plate, located close to the bottom of A ,  was oscil lated a t  about 

300 cyc les / sec .  

determinations were made a t  7 7 ° K  with solid 03F2 : the f i r s t  solution 

was s t i r r e d  fo r  1 / 2  hour; the second, f o r  3 /4  hour;  and the third, for  

2 - 1 / 2  hours.  

identical. At higher temperatures  O3 F2 i s  liquid, and solution should 

be more  rapid. 

Compartment A was there-  

The 

To t e s t  the efficiency of this procedure three solubility 

Within the precision of measurement  the resul ts  were 

6. Volume Calibration 

It was necessary  to know the volume of both the measuring 

Each was calibrated in chamber  and the gas analysis segments. 

essent ia l ly  the same fashion. 

The volume of a glass-stoppered glass  bulb was determined by 

weighing the quantity of water  it contained a t  a known temperature .  

11 



The dry  bulb was connected to the solubility apparatus ,  the p r e s s u r e  of 

the ent i re  sys tem was adjusted to a preselected value, and, except f o r  

the bulb, the entire system was evacuated. 

allowed to expand into the section being calibrated. 

p r e s s u r e s  were  measured  with the W and T p r e s s u r e  gage, and the volume 

was calculated by using the perfect g a s  law. 

we re: 

The a i r  in the bulb was then 

The initial and final 

The measured  volumes 

(1) glass  bulb, 285 f 1 cc; 

(2) measuring compartment, 574 f 6 cc; 

(3) gas analysis loop, 2156 f 20 and 5088 f 50 cc. 

When determining solubilities a t  the lower tempera tures ,  the 

s m a l l e r  gas  loop was used. 

dissolved required the l a r g e r  loop to contain the decomposition products 

a t  a p r e s s u r e  within the gage range. 

However, at 103°K the quantity of O,F, 

Variations in the laboratory temperature  resul t  in an uncertainty 

of the volume determinations to the extent of *l%. 

7. Analysis 

Analysis of gaseous mixtures f o r  fluorine by mercu ry  absorption 

(Hg + F , - t H g F , )  i s  reported to be analytically satisfactory: this 

method was used to confirm that the gases  evolved a r o s e  only f rom 

03F2 . 
fo r  35-387’0 of the total, a s  compared to 407’0 theoretical .  

In the 90°K and 103°K studies the fluorine absorbed accounted 

The gases  evolved f r o m  the 77°K runs never  reached p r e s s u r e s  

over  20-mm Hg; perhaps fo r  this reason fluorine absorption by the 

mercu ry  continued over periods of severa l  days, and never  attained 

equilibrium. 

lowest temperature ,  a l l  solubilities were determined solely f rom the 

total p r e s s u r e  of the decomposed gases .  

Because of the apparent inadequacy of the method a t  the 

12 
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8. Construction Details 

(a) Solubility apparatus 

The cryostat  and the solubility apparatus  were made of stain- 

The valves were Hoke Type 440, equipped with stainless 

The valve bonnets 

l e s s  s teel .  

s teel  o r  Monel bellows and copper s t em gaskets.  

were  welded to the cryostat  lid and actuated the totally immersed  valve 

bodies by means of heavy stainless s teel  extension rods. An extra  

Leilows was welded o r  si lver-soldered ts t h e  crycs ta t  !id u z i e r  the 

valve bonnet to sea l  the bath. 

shown) welded to one of the compartments on the bonnet-body line 

maintained proper  alignment. The bath was sealed by means of a 

Ke l -F  O-ring at the junction between the l ip on the f lask and the lid. 

s e r i e s  of bolts located symmetrically around the l ip (a l so  not shown) 

served  to  tighten the l id onto the lip, slightly compressing the O-ring. 

A number of s ta inless  s teel  guides (not 

A 

(b) Vacuum flow system 

The sys tem was made of P y r e x  glass  and copper tubing 

fi t ted with Hoke 440 Series  valves. Where necessary ,  s ta inless  to 

copper and copper to glass Housekeeper sea ls  o r  s i lver-soldered joints 

connected the flow sys tem to the metal pa r t s .  

C. Results and Discussion 

The resul ts  of the experiments a r e  summar ized  in Table I. They 

a r e  a l s o  presented graphically in Fig. 5, where they a r e  compared with 

those of Kirshenbaum and von Grosse.  

In the figure the shor t  vertical l ines a r e  a measure  of the est i -  

mated precision of each point. A major  l imitation of the method i s  the 

assumption of a c learcut  separation of the solvent LOX f r o m  the solute 

03F,. It i s  reasonable, but not certain,  that the separation i s  quanti- 

tative within experimental e r r o r .  

13 



Table I 

EXPERIMENTAL DATA 

Temp. 

77 

90 

90 
103 

103 

Mixing 
Tim e 
(min) 

45 

150 

32 

60 

71 

43 

35 

Total 
Gas 

Volume 
(cc)  

2 156 

2 156 

2 156 
2 156 

2156 
5088 

5088 

.I. 

Evolved"' 
P r e s  sure 
(mm Hg) 

13.2 

10.9 

8 . 9  
150. 3 
159.8 

124, 1 

147.9 

~ 

Residual Gas 
P r e s s u r e  a f t e r  

Fluorine 
Absorption 

(mm Hg) 

.v. .L -4. ?. 

:k :c 

:;c + 

93.0 

95.8 

82.9 

80.5 

Dissolved 

0.052 

0.043 

0.035 
0 .60  

0.64 

1.05 

1. 25 

Wt .  70 
O F  

in L ~ X '  

0.0075 

0.0062 

0.005 1 
0.092 

0 -  098 
0. 171 

0.206 

.t. -,- 
Corrected for  blank 

Reaction of fluorine with mercury incomplete af ter  24 hours 
:;c :: 

'Calculated from total  gas evolved 

It is tempting to point to  the agreement  between our resu l t  and 

that of Kirshenbaum and von Grosse l  a t  900K but, by the s a m e  token, 

the agreement  between the data at 770K is poor. 

of the method o r  accuracy in  reference 1; therefore ,  it is futile t o  

speculate on the reason  for the discrepancy of the data a t  77OK. 

No indication is given 

Returning to the resul ts  of this r e sea rch ,  we note that the solu- 

bility below the melting point is below the extension of the data obtained 

above that temperature .  

lower f r e e  energy than the melt .  

This is to be  expected because the solid has  

The ra ther  reasonable reproducibility of our resu l t s  permi ts  

interpolation a t  intermediate temperatures .  

is ideal,  the log per  cent solubility ve r sus  1 / T  line should be l inear 

on ei ther  side of the melting point (for very  low concentrations the 

weight dissolved is proportional to the mole fraction).  

above the melting point have been used to  establish the solid line in the 

If the O3 F2 /LOX solution 

The two points 

14 
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figure. 

the solute melting point. 

solubility line. 

Fur thermore ,  the solidus and liquidus l ines must intersect  a t  

This is  the basis  for the dotted section of the 
:;< 

It i s  possible to proceed further along these l ines and to calculate 

the heats of solution of the solid and of the liquid and, therefore ,  the 

heat of fusion. Admittedly the results a r e  quite speculative but they 

a r e  presented here  for interest .  

s oln = 960 cal /mole;  and 

f r o m  the solidus curve 

 AH^^^^ = 5150 cal /mole.  

By difference 

1 and therefore  

4200 cal /mole,  fusion fsH 

- 4200 @ 50 cal /mole/"K.  fusion - ET @ 

A s  

(If we assume that the heats of solution may be in  e r r o r  by a s  much a s  
a factor of two, then the range of AHf is f rom 9820 to 580 kcal/mole; 

and ASf ranges from 119 to 7. 

speculative nature of this discussion. ) 

These resu l t s  a r e  a measure  of the 

The calculated value of ASfusion is higher than values for s imi la r  

i s  of the o rde r  of 10-20. mater ia l s  fo r  which Lw /T 
that O,F, may be associated in the solid or  that melting may introduce 

additional degrees  of molecular freedom. 

this point would seem in order .  

This suggests 
f mP 

Additional investigations of 

::: 
Additional measurements  a t  a temperature between 77 K and the 
melting point of 0, F, a r e  needed to confirm the interpolation. 
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V DETONABILITY O F  03F2 

0 3 F t  i s  reported to have a positive heat of formation? This 

property and the known spontaniety of i t s  decomposition require that 

se r ious  attention be given to the existence of a hazard  f rom detonation. 

Reported here in  a r e  the resul ts  of experiments to establish whether 

03F, is detonable. The inadequacies of some methods and the success-  

ful adaptation of another to these cryogenic conditions a r e  reported.  -we 

believe this r e sea rch  represents  the f i r s t  reliable t e s t  f o r  low tempera-  

tu re  de tonability . 

A .  Discussion 

To tes t  03Fz fo r  detonability required the development of a safe 

method capable of distinguishing between a detonation and other  explosive 

reactions.  

It follows that detonation detection should require  measurement  of wave 

velocity. However, considerable success  has  resul ted f r o m  the a s s e s s -  

ment  of explosion-caused damage and one generally used method 

examined for  applicability at 90°K.  
mental  detai ls . )  Liquid oxygen was chosen a s  an  iner t  sample.  

Detonation implies the presence of a supersonic shock wave. 

4 
w a s  

(See below and Fig. 6 f o r  experi-  

In severa l  experiments,  initiation of the te t ryl  and propagation of 

the shock through the oxygen and the s teel  sample tube caused both the 

tube and the witness plate to shatter so badly as to preclude the i r  use 

in distinguishing between detonating and nondetonating samples .  These 

resu l t s  were anticipated and a r e  the consequence of the vastly changed 

physical propert ies  of s teel  a t  low tempera tures .  

A .  D. Kirshenbaum, A. von Grosse,  and J. G. Aston, "The Heat of 
Formation of 0, F, and 0 3 F z ,  I '  J. A m .  Chem. SOC. - 81, 6398 (1959) 

"'Test No. 1 - Card  Gap T e s t  for Shock Sensitivity of Liquid Mono- 

3 

propellants. 
Information Agency, Silver Spring, Md. 

Liquid Propellant Tes t  Methods, ' '  Liquid Propellant 
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S T E E L  WITNESS P L A T E  

3 / 8" T  H I C K 

a 
G L A S S  TUBE 

( S T E E L :  S C H E D U L E  40)  

S A M P L E  

S I L V E R  S O L D E R  (OROTHER C O O L A N T )  

BRASS CUP A N D C O V E R  
l/4" GLASS 

T E T R Y L  P E L L E T S  

1'' THICK 
I-S/8" diam. 

S T Y R O F O A M  

p = 1.57+0.03Q/CC 

HOLE FOR PRIMACORD-" 

P R I M A C O R D  A \- TO DETONATOR 
R A -  463.82 I - 2 0  

FIG. 6 DETONABILITY TEST APPARATUS 

The next method attempted the measurement  of shock velocity. 

Using essentially the same arrangement a s  fo r  the previous tes t s ,  the 

witness plate was eliminated and a number of ionization probes were 
inser ted,  a t  uniformly spaced intervals, through the tube wal l .  At 

ambient temperature ,  this is  a very reliable method for  measuring 

shock velocities. Three tes t s  were conducted using liquid oxygen; 

resu l t s  were nonreproducible and uninterpretable. 

method can  perhaps be attributed to interaction between the probes and 

the shock in the confinement. It i s  known, fo r  example, that ionization 

5 

The failure of this 

5 A .  W. Campbell, M. E. Malin, T .  J. Boyd, J r . ,  and J .  A .  Hull, 
P rec i s ion  Measurement of Detonation Velocities in Liquid and Solid 
Explosives,  Rev. Sci. Instr .  - 27,  567 (1956)  
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probes a r e  unreliable with systems which detonate at a velocity 

approximating the speed of sound in the confinement! A s imi l a r  

phenomenon may be involved here .  

No additional work was done with the probes,  which were  replaced 

f o r  detonation velocity measurements  by the geometr ical  modification 

of the continuous wire  shown in Fig. 7. In addition, a s  shown, the 

s teel  cup was replaced by one of copper. 

were the physical independence of the wire  f rom the confining tube and 

the lower speed of sound in copper ve r sus  that in s teel .  

was conducted at 90°K: 1 with liquid oxygen, 2 with nitromethane. A * 
typical resul t  f o r  each is shown in Fig.  8. F o r  liquid oxygen, when 

the te t ry l  at the liquid interface detonates, the voltage a c r o s s  the wire  

drops slightly f r o m  the zener  potential but rises rapidly to the original 

limiting value, a resul t  roughly typical of iner t  substances.  With solid 

nitromethane, a f te r  an  initial transition period, the voltage drops 

l inear ly  with time fo r  a period corresponding to that during which the 

nitromethane is detonating stably. This  is typical of stably detonating 

mater ia l s ,  and the detonation velocity can be calculated directly f rom 

the value of dE/dt  along this l inear portion. F o r  details  the r eade r  i s  

r e fe r r ed  to  Reference 5. 

7 

The anticipated advantages 

A se t  of 3 t es t s  

A . B .  Amster ,  R.L. Beauregard,  G.J .  Bryan, and E . K .  Lawrence, 
"Detonability of Solid Propellants I. Tes t  Methods and Instrumenta- 
tion, 'I Navord Report 5788, U. S. Naval Ordnance L a b . ,  White Oak, 
Md.,  3 February  1958 

A . B .  Amster ,  P . A .  Kendall, L.J .  Veillette, and B. Harre l l ,  
"Continuous Oscillographic Method for  Measuring the Velocity and 
Conductivity of Stable and Transient Shocks in Solid Cas t  Explosives, I '  

Rev. Sci. Instr .  31, 188 (1960) 

H e r e  and in Fig. 
were  unsuitable for  reproduction. 

6 

7 

- * 
9, the illustrations a r e  of t racings;  the originals 
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CUP S U P P O R T  , 

KEL-F ------- 

K A R M A  WIRE - 

TO 
C R O  

@ 

TOP VIEW 

COPPER CUP 
1-1/4" i.d. x 1-5/8" 0.d. x 4" long 

BRASS ROD 

1 4 - 4 6 3 . 1 2 1 - 2 1  

FIG. 7 MODIFICATION OF TEST CUP 
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t VOLTAGE 

( a )  INERT ACCEPTOR: LIQUID OXYGEN 

- 

VOLTAGE 

TIME + 
IO p s e c  /cm 

N ITROMETH ANE 
R A - 4 6 3 , 5 2 1 - 2 2  

TY TEST RESULTS 

( b )  DETONABLE ACCEPTOR 

FIG. 8 TYPICAL DETONABIL 
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Having established that the wire method i s  as reliable at 900K 

A a s  a t  ambient temperature ,  two tests were  conducted with 03F2. 
typical oscillograph, F i g .  9 ,  shows the potential drop start ing at that 

for the entire wire in the closed circuit. When the shock wave reaches 

the interface,  there  is  slight evidence of ionization,but within - 3 psec, 

the potentia! re turns  to  the limiting zener value. 
:$ 

I 

-. J 

TIME 

V O L T A G E  

IO psec /cm 
n 1 - 4 s 3 , 0 e i - e 3  

FIG. 9 O,F, DETONABILITY TEST 

B. Experimental  

Among the dimensions and other experimental  pa rame te r s  not 

shown in Figs.  6 o r  7 ,  the following a r e  pertinent. The bottom of the 

t e s t  cup i s  0. 005-inch-thick b r a s s  sheet s i lver-soldered to the steel .  

The top of the b r a s s  cup is fabricated in s imilar  fashion. 

inch of b r a s s  separates  the te t ryl  donor f rom the sample.  

parti t ion is approximately 1 /8  inch thick; this dimension is not cri t ical .  

After insertion of the te t ryl  pellets the cover is  sealed to  the b r a s s  cup 

Thus, 0 .01  

The glass  

::: 

the s tar t ing voltage is determined by the limiting zener potential, and 
r eco rds  like that of Fig. 8a a re  obtained. 
with the rod the start ing voltage is determined by that ac ross  the wire,  
and records  like those of Figs.  8b and 9 result .  F o r  the present  research  
i t  was convenient to  cement the wire to the rod  when testing liquid oxygen; 
fo r  safety cement w a s  not used and a f i rm  metal  contact was employed 
in  the nitromethane and 03Fz tests. 
e lectr ical  circuit  which accounts in par t icular  for  the difference between 
F igs .  8a and 9. 

If the resis tance wire  is initially insulated from the b r a s s  rod (F ig .  7 )  

When the wire  makes contact 

It is only this difference in the 
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by means of a thin ring of fluorocarbon grease  spread  on the cup lip. 
This effectively precludes contact of the coolant with the te t ryl .  

Initiation is accomplished with a n  exploding bridgewire ( E B W )  

detonator followed by 18 inches of Pr imacord.  

i s  used, the electr ical  disturbance caused by the E B W  wi l l  obscure the 

des i red  data. The electr ical  leads f rom the sensing wire  to  the power 

supply, ordinarily of coaxial cable, a r e  of rubbe r-insulated s t randed 

A W G  14 copper wire  ("lamp cord") and a r e  quite satisfactory.  

s enso r  wire  i s  potentiometer grade KARMA, 349. 5 Q/ft. 

Unless the P r i m a c o r d  

The 

Although the general  principles of shock testing and of using the 

continuous wire  have been explained quite adequately elsewhere,  i t  i s  

pertinent to discuss  the reasons for the geometry employed here .  

Large ly  a resu l t  of safety requirements, the design affords assurance  

to  the experimenter  that he is exposed to  no r i s k  g rea t e r  than that 

normally encountered with the use of well-known, reliably safe,  

explosives. A s  preparation for  these experiments,  it was established 

that even powdered te t ryl  (more  sensitive than pellets)  and liquid oxygen 

a r e  compatible; nevertheless,  the te t ryl  pellets i n  the experiment were  

protected f rom oxygen by the brass  cup and glass septum. 

permi ts  inser t ion ( o r  removal) of the detonator-RDX init iator e i ther  

before o r  a f t e r  coolant is added to the upper chamber .  

unnecessary warming of the sample when testing the 03FZ, the tubes 

were  filled elsewhere,  were suspended via the wire  and supports shown 

in Fig.  8, and were t ransfer red  and lowered (by remote control) into 

the t e s t  cell.  A metal  guide within the tes t  cel l  (nbt shown) served  to 

keep the te t ryl  cup centered and to guide the sample into line above the 

cup. 

consumption would increase the net cost .  

The l a t t e r  

To prevent 

The use of specially designed Dewar f lasks  to reduce oxygen 

C. Conclusions 

Conventional damage cr i ter ia  were  found valueless in discr imi-  

nating between a detonation and an explosion in energetic mater ia l s  a t  

90°K. 

fining the sample. 

wire  technique has been shown to be valuable and has  been used to 

confirm that 03F2 is nondetonable in the diameter  tested.  

So, too, were  ionization probes inser ted  through the walls con- 

By a simple geometrical modification the continuous 
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V I  STORABILITY O F  0,F2 AND 03F2 -LOX SOLUTIONS; 
COMPATIBILITY WITH ROCKET CONSTRUCTION MATERIALS 

A .  Neat O3 F2 Storability and Compatibility T r i a l s  
~~~~ ~~ ~ ~ 

Ten different mater ia l s  commonly used in rocket engine hardware 

we re studied in these t r ia ls .  Duplicate, polished, LOX cleaned, dried,  

and weighed samples of each mater ia l  were s tored  in sealed glass  tubes 

with neat O,F, Fire-polished samples of glass  were  used a s  controls.  

Each sample,  a 1/4-inch-diameter x 3/8-inch-long rod, was 

placed in a g lass  tube, approximately 5/16-inch i. d. x 5-inch-long, and 

prechilled with LOX. 

sample,  and the open end of the tube was sealed quickly with a n  oxygen 

torch. 

was cooled to 77°K (LN,bath) during sealing. 

Sufficient neat O3F2 was added to cover  the 

To prevent decomposition of the 03F,,  the lower end of the tube 

Because 03F2 decomposes at 7 7 ° K  in light and the sealing opera- 

tion involved exposure to considerable sodium vapor  light, the samples 

were  reexamined a t  90°K in a LOX bath. 

molten and f r e e  flowing in the LOX bath, were stomd in LOX. 

The samples ,  found to  be 

After 24 hours  a t  90°K in total darkness,  the samples  were  

examined again and were  found to contain a significant quantity of solid 

product. 

A solid product, orange in color (probably O,F, ), remained in  the tube. 

After three days the amount of liquid remaining was negligible. 

After 2 weeks the sample tubes were crushed,  and the orange 

solid was decomposed by warming to room tempera ture  in an  iner t  

a tmosphere dry box (0, F2-O2 t F2 ). 
of the specimens a r e  l is ted in Table 11. 

The original and final weights 

The weight changes appear  to be insignificant and normal  fo r  

reaction with fluorine. A l l  the samples except s ta inless  s teel ,  Kel-F, 

and g lass  (which had become slightly pitted) had lost  their  original 

l u s t e r  and were coated with a dull deposit. 

showed evidence of etching. 

A l l  the s torage tubes 
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Table I1 

EFFECT O F  O3FZ UPON WEIGHT O F  STORED SAMPLES 

Sample 

Mild Steel 

c u  

Ni  

Monel 

Steel 4340 

A1 2024 

A1 6061 

B r a s s  
(Red Comm) 

Kel- F 

SS304 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

Final W e  i ght 
( g) 

2. 3416 
2. 3390 

2. 6627 
2.6628 

2. 7332 
2. 7501 

2.7334 
2. 7372 

2.4175 
2.4119 

0. 8608 
0.8522 

0. 8388 
0.8407 

2. 5742 
2.5857 

0.6656 
0.6578 

2.4201 
2.4196 

Weight Change 
( €9 

to. 0008 
to. 0009 

f O .  0006 
to. 0014 

to. 0019 
to. 0009 

t o .  0010 
t o .  0012 

t o .  0012 
to. 0013 

t o .  0011 
to. 0004 

to. 0005 
+O. 00 24 

to. 0013 
+o. 0012 

t o .  0001 
0 .0000 

-0.0001 
+o. 0001 

To compare storabil i ty of O,F, at 77" and 90"K, duplicate 

samples  of both copper and glass  were prepared  a s  outlined above. 

One sample of each was s tored a t  77°K; and one, a t  90°K. The samples  

s tored  at 77°K (LN,bath) were removed f r o m  storage frequently, melted 

momentarily in LOX to check for evidence of decomposition. After the 

f i r s t  2 o r  3 months of storage,  depending upon the mater ia l ,  decomposi- 

tion of O,F, on the tube walls was noted; a f te r  6 months in s torage,  

approximately three-fourths of the s to red  O,F, had decomposed. 

Samples s tored as a liquid at 90°K were  decomposed completely 

a f t e r  three days. 
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B. Storability of 0 3 F 1  - LOX Solutions 

0 3 F ,  is soluble in LOX to about 0.09570 at 90°K and to about 

0.00770 at 77°K. 

prepared  a s  noted above and were  covered with about 5 cc of LOX 

saturated with 03F2 a t  90°K. One sample of each was s tored a t  77°K; 

and one, a t  90°K. The samples  stored a t  77°K had not completely lo s t  

the character is t ic  pale yellow color of a freshly prepared  solution even 

af te r  6 months' storage,  whereas  samples s tored a t  90°K los t  this 

character is t ic  color  after approximately 1 month. 

Duplicate samples of both copper and g lass  were 
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VI1 ROCKET MOTOR IGNITION STUDIES 

A .  Experimental  Flow Facili ty 

The ignition processes  f o r  the propellant sys tem LH2 and 

L O X / 0 3 F L  were  studied by using a smal l  combustion chamber  incor-  

porating ei ther  single o r  multielement injectors.  

!n slipport of a previous program, a conventional L O X / L H ~  

pressurized-feed flow sys tem had been assembled for  studies on LOX 

and LH2 + metall ic fuel tripropellants. The sys tem was designed f o r  

relatively high flow rates and used a combination of simple vacuum- 

jacketed and Pearli te-insulated lines. 

a r e  gross ly  inefficient. ) The flow sys tem was comparable with many 

o thers  and has  performed well where a long chill-down cycle p r io r  to 

ignition is acceptable, and where flow ra tes  during combustion a r e  

sustained a t  a high level. 

(By present  day s tandards these 

The cur ren t  study of ignition processes  required very  small  flow 

ra tes  on an  intermittent basis .  

inadequate and caused wide variations in line temperature  and excessive 

consumption of LOX during sequential chilling operations (up to 10 repli- 

cate experiments during a day). 

needed to chill the chamber  condensed atmospheric moisture ,  and the 

condensate in te r fe red  with the resolution obtainable f r o m  the high speed 

came  ra. 

The heat insulation in the l ines was 

The la rge  volume of liquid oxygen 

To overcome these problems, an  internal liquid nitrogen chill 

line was t r ied;  though this enabled some tes t s  to be performed,  it was 

not uniformly successful. 

demonstrated that insulation needed to be improved significantly if  

0 3 F 2  werenot  to  decompose between the LOX tank and the ignition 

tes t  chambers  . 

Data  obtained f r o m  the f i r s t  trials c lear ly  

Alternate flow lines were  studied, and the decision was made to 

use e i ther  superinsulated vacuum lines o r  liquid- jacketed l ines for  the 

L O X / 0 3 F 2  ; the sys tem was also improved by installing a superinsulated 
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vacuum line fo r  the liquid hydrogen feed to the ignition tes t  chamber .  

The sys tem installed for  the final tr ials gave the expected advantages 

in the operation of the flow system. 

To increase  the precision of the on-off control of propellant flow 

the massive electro-pneumatic valves originally installed were  discarded 

in favor of expendable lightweight solenoid valves. 

with one exception, operated satisfactorily when fully immersed  in 

liquid nitrogen. 

The valves selected,  

B. Experimental  Approach 
_ _ _ _ _ ~  

A number of unusual problems a r o s e  in the study of the hypergolic 

charac te r i s t ics  of L O X / 0 3  F, solutions with liquid and gaseous hydrogen. 

These included: 

( 1) the rapid decomposition of O3 F, a t  t empera tures  above 

1 lOoK 

(2) the attainment of hypergolicity only in the presence of the 

liquid phase solution 

(3 )  the hypergolicity of LOX/O3 F, with most  organic mater ia l s  

(4) the requirements  of extremely low flow ra tes  fo r  single- 

element injectors necessitate extremely good thermal  

insulation of the system 

(5) the complexity of photographic and instrumentation 

procedures  a t  extremely low tempera tures .  

With these difficulties in mind, two types of ignition tes t  chambers  

were  designed. 

(Fig.  10) fabr icated f rom Vycor (quartz) and fi t ted with a single element 
in jec tor .  This  was used for  optical studies a t  p r e s s u r e s  below 

100 psi .  

involving multielement injectors at p re s su res  up to 500 psi (Fig.  12). 

The combination of the two types of studies was considered desirable 

in o r d e r  to cor re la te  observed physical phenomena with observations 

made with normal  instrumentation. 

The f i r s t  was a double-walled t ransparent  chamber  

A s teel  ignition t e s t  chamber was a l so  fabricated f o r  studies 
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FIG. 10 QUARTZ IGNITION CHAMBER (fabricated from either quartz or Vycor) 
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RA-4391-12 

FIG. 11 STEEL COMBUSTION CHAMBER ASSEMBLY SHOWING 
INSTRUMENTATION TRANSDUCERS 

Two principal types of injector have been selected for  continuous 

study with L O X / 0 3  F2 , the coaxial s t ream injector and the tr iplet  

injector.  Cold flow tes t s  of the single element t r iplet  injector a r e  

shown in F ig .  13,  while the f l o w  tests on the multielement coaxial 

s t r e a m  injector (LOX core)  a r e  shown in Fig. 14. 

configuration used in these t r ia l s  of both types of coaxial s t r eam injectors ,  

liquid oxygen c o r e  with a hydrogen annulus, was selected to  duplicate that 

used i n  many aerospace LH,/LOX engines. 

The injector element 
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R A  -4391 - 13 

FIG. 12 FLOW TEST OF SINGLE ELEMENT TRIPLET INJECTOR. 
GASEOUS NITROGEN IN CENTER, WATER IN OUTER JETS. 

31 



FIG. 13 

To 0.040 

A 0.125 
RA-  4391- 14 

FLOW TEST OF MULTIELEMENT COAXIAL STREAM INJECTOR. 

SINGLE ELEMENT GEOMETRY 
GASEOUS NITROGEN IN ANNULII, WATER IN CORES - INCLUDING 

C. Ignition Tes ts  

In the first test s e r i e s  a single element t r iplet  injector was used 

in the Vycor motor chamber shown in  Fig. 10. 

this engine was 100 lbs. 

to  give convincing correlation with the photo ce l l s ,  p r e s s u r e  gage, and 

thermocouple instrumentation. 

the ignition delay with O3 F Z  -saturated LOX and cold gaseous hydrogen. 

The hydrogen gas was cooled by passage through a coil submerged in 

liquid nitrogen. 

The nominal thrust  of 

Cameras  were used with the quartz  chamber 

The aim of the t e s t s  was to measu re  

The t e s t  summary  fo r  this se r ies  is in Table 111; the e r r a t i c  resu l t s  

a r e  partially attributed to  the questionable physical s ta te  of LOX reaching 

the injector.  Data analysis confirms that when the LOX/03Fz tempera-  

t u re  i s  above 120°K, significant decomposition of O3 FZ takes place, and 

ignition does not occur.  

gaseous or  intermittant gas-liquid flow in the oxidant l ines.  The 

The long ignition delays were  associated with 
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movie film taken during these tes ts  confirmed that ignition occurred  

immediately a f te r  liquid appeared at the injector.  It was concluded 

that the delay data f rom this tes t  se r ies  were  biased by intermittent 

gaseous oxygen flow caused by heat leakage into the l ines under minimal 

flow conditions. 

A single element coaxial injector with gaseous hydrogen flowing through 
the outside annulus was tested in the t ransparent  combustion chamber.  

Three  separate  t e s t s  gave photographic evidence that ignition occurred  

49 milliseconds a f te r  liquid oxygen s ta r ted  to  flow. 

that p remature  vaporization and decomposition of O3 F2 invalidated this 

t es t  se r ies .  

viously r e fe r r ed  to  were  made, the oxygen line was replaced with a 

LOX-jacketed line and a Linde superinsulated line was installed on the 

hydrogen side. 

It was apparent 

Following this tes t  se r ies  the ma jo r  modifications pre-  

The improved flow sys tem was  t r ied  out in a s e r i e s  of experiments  

The t e s t s  were  c a r r i e d  out in a 

The 

using liquid hydrogen and liquid oxygen. 

s ta inless  s teel  chamber  with a 20-element coaxial s t r e a m  injector. 

data a r e  summarized in  Table IV.  

Fig.  14, and i t  should be noted that the solenoid-operated main flow 

valves were a l so  immersed  in liquid nitrogen a s  indicated in Fig. 15. 

F o r  this s e r i e s  the contraction ratio of the chamber  was 5. 9, the L" 

was 58, and the length was 9 inches. 

The experimental  setup is shown in 

Ignition was detected by using multistation ionization gages in the 

chamber  and one gage outside to detect "blow-back" ignition. 

"hard-starts" (Runs 43 and 47) occurred under conditions where appre-  

ciable quantities of hydrogen flowed p r i o r  to LOX delivery.  This  con- 

dition came about because of sluggish operation of the LOX main flow 

valve. (After the experimental  program w a s  completed, this valve was 

cut apar t .  A metal plug had blocked the flow f r o m  the bleed hole which 

empties  the liquid f r o m  behind the actuator rod. This  was not found on 

valves ordered p r io r  to  o r  after this one was procured.  ) 

Two such 

In Run 38 an ignition delay time of 1 1  milliseconds i s  reported. 

Although the LOX tank valve failed to  open and only the LOX line 

p r e s s u r e  was available to push LOX through the injector,  this was 

sufficient to cause ignition. 
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RA-462,581-23 

FIG. 14 COMBUSTION CHAMBER PRIOR TO INSTALLATION IN LN2-JACKET 

FIG. 15 TEST STAND INSTALLATION SHOW11 G 42- ACKETED COMBUST101 CHA! B ER 
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In this t e s t  s e r i e s  the ignition delay did not appear  to  be a function 

If the hard s t a r t s  a r e  discarded,  all delays were  of the LOX lead time. 

r a the r  randomly distributed below 40 mill iseconds.  

lead t imes  were  var ied from 14 to 94 milliseconds,  ignition delays of 

10 mill iseconds o r  below were measured through the lead t ime range. 

Under the conditions of these experiments, it is concluded that ignition 

occurs  a s  soon a s  liquid oxygen with 0, F, contacts hydrogen and that 

the sca t te r  in experimental measurements is due pr imar i ly  to  minor 

fIuctGations ir; t h e  characteristics cf LOX flew betweer ,  the flow contrn l  

valve and the injector face. Flow system charac te r i s t ics  and operation 

Even though LOX 

procedures  caused the flow fluctuations. F o r  instance,  if a consecutive 

run  was made with l e s s  than 60 seconds between f i r ings,  both oxygen and 

hydrogen were  near ly  always hotter i n  the flow l ines  than when these 

l ines were  prechilled before firing. 

fluctuations in  LOX delivery were caused by the sluggish and unpredictable 

operation of the LOX valve rather  than by the control introduced by adjust-  

ment of the LOX flow lead time. 

which a r e  peculiar to  operating an experimental  engine with 0, F,, it 

appears  that a l l  ignition delays a r e  within a usable range and the potential 

fo r  delays under 10 milliseconds is excellent. One significant r e su l t  was 

confirmation of a c lear  correlation between ignition fai lure  and the p r e s -  

ence of gaseous oxygen a t  the injector. 

for the ignition tes t s  on the saturated p r e s s u r e  ve r sus  tempera ture  

relationship for liquid oxygen shows that successful  ignitions a r e  shaded 

to the liquid side of the line, and failures a r e  shaded to  the gas phase 

side of the line (Fig. 16). 

It was a l so  apparent that the flow 

Regardless of these operation difficulties, 

A plot of LOX line tempera ture  

D. Ozone Fluoride Field Transfer  

F o r  a given t e s t  s e r i e s  ozone fluoride in excess  of that requi red  

to  sa tura te  a full LOX storage tank for  the engine was made in the 

laboratory and was t ransported frozen in liquid nitrogen t o  the s ta t ic  

t e s t  s i te .  

the 50-ml g lass  f lask was melted in liquid oxygen. 

tank was topped with LOX and t ransfer  operations were  begun. 

P r i o r  to being added to the mix tank (Fig.  17), the 03F, in 

Meanwhile the mix  

The 
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O,F,  was poured rapidly f r o m  the flask into the LOX-cooled funnel and 
drained into the tank. The contents were agitated f o r  20 minutes with 

an  air-operated paddle agitator and then were  t ransfer red  to  the LOX 

s to  rage tank. 
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FIG. 16 PLOT OF EXPERIMENTAL FIRING DATA 
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E. Instrumentation and Data Reduction 

1. General  

Measuring of the t ransient  flow and combustion pa rame te r s  in 

the sma l l  ignition tes t  engine gave r i s e  to  many problems,  and other 

problems a r o s e  because of the corrosive nature of O,F,. The hyper- 

golicity of LOX/O, F, precluded easy recalibration o r  replacement of 

t ransducers  once a t e s t  s e r i e s  was begun. 

included p r e s s u r e s ,  flow ra tes ,  bulk liquid tempera ture ,  injector and 

chamber  temperature ,  light emission, and ionization. 

P a r a m e t e r s  to be measured  

In the ear ly  s tages  of the study it had been hoped to  use  close- 

coupled, fas t  response,  piezo-electric gages,  but the drift  associated 

with t ransient  temperature  gradients rendered their  use  impract ical .  

Accordingly, medium-response Taber p r e s s u r e  t ransducers  were  

selected; these were  coupled through a short  length of s ta inless  s tee l  

pipe to  help reduce the temperature gradient effects. 

the inclusion in the line of relatively warm gas prevented cryogenic 

fluid f rom affecting the accuracy of the calibrations. O,F, corroded 

the t ransducer  diaphragms, and these had to  be replaced af ter  each 

t e s t  s e r i e s .  

In most  t r i a l s  

Tempera ture  measurement  was c a r r i e d  out using gold/cobalt 

v e r s u s  copper thermocouples in  conjunction with a liquid nitrogen 

re ference  junction. 

were  inser ted  into the l ines by using ce ramic  insulated seals .  

problem of heat leakage biasing the junction tempera ture  was minimized 

by using thin wires  and by placing the junction a s  f a r  into the s t r eam a s  

possible,  consistent with s t ructural  rigidity of the probe. 

The couples were soft soldered together;  they 

The 

2. Ignition 

Chamber thermocouple and ionization gages were  used to  detect 

ignition. While thermocouples in most  instances burned out, the 

ionization gages were  found to be sturdy and did not break  down during 

use. With the quartz  chamber,  solid s ta te ,  uv-sensitive photo cells 

were  satisfactory.  
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Measurement of propellant flow r a t e  was needed, and it was 

hoped to  use turbine flow me te r s  for this purpose. 

t r i a l s  a turbine flow meter  was found to  perform reliably only on an 

intermittent bas i s ;  when it was used with LOX/O, F, , corrosion was 

observed and it did not function satisfactorily. Flow measurements  

were  consequently made by determining the p r e s s u r e  drop a c r o s s  the 

injector o r  valve control orifices,  flow calibration being c a r r i e d  out 

using water and a precis ion f l o w  meter .  

made fer the different fluid character is t ics  of w a t e r  2nd the propellants, 

During prel iminary 

Appropriate correct ions were  

3. Data Acquisition 

Data f rom the various t ransducers  were  recorded by means of 

a 35-channel Visicorder  with a 7-channel, high speed tape r eco rde r  

a s  back-up for c r i t i ca l  data channels. 

Before each t e s t  s e r i e s ,  calibration s teps  were  recorded,  and 

for  each run, base  level outputs of the t ransducers  were  verified. 

Chill-down and venting sequences were  c a r r i e d  out until the l ine 

thermocouple reg is te red  the appropriate temperature .  

of the veht l ines,  the automatic sequencer programmed the opening 

and closing of the propellant flow control valves. 

the combustion chamber was automatically purged (last t e s t  s e r i e s  

only). 

On closing 

F o r  the final t e s t s  

Typical t e s t  data for the multielement coaxial s t r eam injector 

a r e  shown in  Fig. 18 ( a )  and (b); the locations of ' the t ransducers  a r e  

given in Fig. 11. 

Ignition measurements  made from instant of p r e s s u r e  r i s e ,  

light emission,  ionization transient, high speed movie fi lm, and 

chamber tempera ture  r i s e ;  a l l  results cor re la ted  well with one 

another. 

instant of delivery of fuel and oxidant t o  the injector;  injector p r e s s u r e  

rises were  considered the best  guide when visual analysis of the 

injection processes  was precluded. 

The major  measurement problem was determination of the 
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(b) 

FIG. 18 FIRING RECORDS FOR MLlLTlELEMENT COAXIAL STREAM INJECTOR 
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F. Discussion of Results f rom Ignition Studies 

These initial experiments carr ied out on the ignition of hydrogen 

by LOX/O3 FZ have shown that with the t r iplet  injector configuration, 

hypergolic ignition occurs  within 20 mill iseconds of the bringing together 

of the fuel and oxidant s t r eams .  

the point of je t  impingement. 

The ignition was observed to occur a t  

The coaxial s t r eam injector of the type used in typical rocket 

engines - was studied under a carefully controlled environment. F o r  

reasons  believed to  be connected with injector face cooling, the injector 

flow pa t te rn  has normally been LOX core /LH,  annulus, and this resu l t s  

in a lower energy of mixing than if the propellants a r e  reversed .  

fact  that  sat isfactory ignition w a s  obtained with low energy mixing is 

encouraging. (Note, however, one unexplained delay of 100 m / s . )  How- 

ever ,  it is considered that the ignition with the coaxial s t r eam injector 

would be even m o r e  reliable if an L H z  core/LOX annulus flow pat tern 

was selected.  

would appear to  be invalid 

Hersch. 

The 

Objections on the grounds of adverse heat t ransfer  effects 

following the recent  significant study by 
8 

It is to  be concluded that while the exact mechanism occurring a t  

the injector face between the LOX/03F2 and L H  2 is not yet known, 

mixing of hydrogen between 77" and 110" K with L O X / 0 3 F 2  resu l t s  in 

hypergolic ignition a t  an ambient pressure  of one atmosphere.  

Future  work is planned to  closely define the , temperature  and 

p r e s s u r e  bounds within which satisfactory hypergolic ignition can be 

achieved with LH,-LOX/O,F,. 

Hersch, Martin,  Effect of Interchanging Propellant on Rocket 
Combustion Per formance  with Coaxial Injection, NASA T U  D-2 169, 
Februa ry  1964. 

8 
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VI11 GENERAL CONCLUSIONS 

1. A new reac tor  developed fo r  the production of O3 F2 significantly 

increases  production rate of 03F2.  

2 .  The solubility of 0 3 F 2  in LOX has  been measured.  A t  88°K it is 

0.05% by weight; the temperature dependence of solubility has  

a1 s o be en determined. 

3.  Neat ozone fluoride i s  nondetonable when tes ted with a s tandard 

donor i n  a 1-inch-diameter test  cup. 

4. The shor t  t e r m  storage stability of the L O X / 0 3 F 2  solution appears  

adequate fo r  most  operational needs.  

5. Hypergolic ignition has  been achieved in combustion chambers  

maintained a t  liquid nitrogen tempera ture  by using L O X / 0 3  F2 

and e i ther  gaseous o r  liquid hydrogen (ambient pressure) .  
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